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I .O INTRODUCTION
In 1994, the U.S. Department of Energy (DOE) Uranium Mill Tailings Remedial Action (UMTRA) Project initiated a program to convert ground water sampling of monitor wells from the traditional multiple bore volume (MBV) purge and sample method to a new method called low flow (LF) sampling. Bladder pumps were permanently installed in 22 monitor wells at 3 UMTRA Project sites: Durango (Bodo Canyon), Colorado; Monument Valley, Arizona; and Green River, Utah. Fifteen of these wells were sampled for the first time by the LF method in late 1994 and early 1995.
The UMTRA Project LF conversion program was begun in response to the scientific evidence, the U.S. Environmental Protection Agency (EPA) mandate, and the economic incentives favoring LF sampling. Chemical analysis measurements from LF samples will be added to the Project's extensive data base of measurements from samples obtained by MBV and other sampling methods for more than a decade. This data base supports decisions concerning contaminant migration, human and environmental risk, remediation techniques, long-term monitoring at disposal cells, and other issues at UMTRA Project sites.
Recognizing the importance of water quality data to the Project and that little is known about the impact of LF sampling on water quality results, the Technical Assistance Contractor (TAC) proposed that the DOE conduct a Project-specific comparison of chemical analysis data from samples obtained using the MBV and LF sampling methods. In response, the DOE commissioned this report to review the current literature on the subject. With this additional information, the DOE and the TAC will be in a better position to determine the need for and value of a Project-specific comparison study.
The MBV purge and sampling method traditionally employed on the UMTRA Project uses a portable pump positioned above the well screen interval to purge a minimum of one well bore volume (but preferably three to five well bore volumes) from the well before sampling.
The pumping rate may be 4 liters (L) per minute or more. The purpose of the MBV purge is to remove stagnant water from the well casing so that the sample water is representative of the water in the aquifer. This and similar purge and sample methods are described in the hydrogeologic literature (Fenn et al., 1977; Gibb et al., 1981; Schuller et al., 1981 ;  EPA, 1 986). The Albuquerque Operations Manual standard operating procedure (SOP) 16.2.1.7.3, Sample Collection, Preservation, and Shipment of Water Samples, gives the following directive: "Whenever there is sufficient well water, pump water from the well and purge at least three (3) well volumes" (JEG, n.d.1.
LF sampling (also referred to as "micropurging" or "millipurging") is a relatively new sampling method that is increasingly being adopted in the environmental industry. LF sampling consists of sampling a monitoring well at a low discharge rate with a pump located within the screened interval. LF sampling rates, generally 0.1 to 0.5 L per minute, are lower than the recharge rate of the well to prevent mixing of stagnant casing water with aquifer water in the screened interval. LF sampling is conducted with dedicated INTRODUCTION pumps or dedicated drop tubes (where the depth to the screened interval is within the suction limit), which are permanently installed at a fixed depth in the well, rather than portable pumps, which are inserted and removed before and after the sampling event. The LF purge consists of evacuating the water that stands in the dedicated pump and in the pump discharge line rather than the stagnant water in the well casing. The LF sampling approach assumes that ground water flow through the screened interval is horizontal, laminar, and representative of aquifer water. Moreover, it assumes that there is little interaction between the water flowing through the screened interval and the stagnant water present in the well casing above the screen (Kearl et al., 1992; Robin and Gillham, 1987; Powell and PUIS, 1993) .
Recent scientific literature indicates that samples collected by the LF method are more representative of aquifer water than samptes collected using the 'traditional MBV purge and sample method. Purging and sampling a well at a low rate is believed to introduce less oxygen and turbidity into the sample. Turbidity is further reduced by the use of dedicated pumps. Unlike portable pumps, which can increase ground water turbidity as they are lowered into the well, dedicated pumps are stationary within the well and cause no disturbance or mixing of the stagnant water column with the screened interval water. Down-hole video studies confirm that fewer particulates or colloids are present in the water column when the pumping equipment is dedicated to the well (Kearl et al., 1992) . Thus, LF sampling with dedicated pumps provides a combination of low stress on the aquifer and no mixing of the water column in the well, resulting in the most representative sample available with current sampling technology. The U.S. Environmental Protection Agency (EPA) recognizes the LF method as "providing a higher quality sample that more closely represents the mobile dissolved and colloidal components in the formation" and "this is the direction in which the state of professional practice must proceed." (EPA, 1993a) .
The LF sampling method with dedicated equipment has several additional advantages over the traditional sampling methods.
0
Dedicated pumps eliminate the potential.for cross contamination between wells because the pump is used in only one well.
The use of dedicated equipment permits a high degree of control over the purge volume and flow rate for a well, which can be expected to reduce the variation in water quality data between sampling events.
LF sampling can be significantly faster and produces less purge water than sampling by the traditional MBV method.
Where all wells to be sampled on a site are outfitted with dedicated pumps, the need for an equipment blank quality assurance (QA) sample and analysis is eliminated.
INTRODUCTION
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The economic benefits of LF sampling, including reduced labor and chemical analysis costs, may be sufficient to recover the equipment and installation costs of dedicated equipment after only a few sampling rounds.
With respect to potential changes in water quality results that may occur from conversion to LF sampling, the following questions are important to the UMTRA Project: This report describes the potential changes in water quality data that may occur with the conversion from MBV to LF sampling and provides two examples of how such a change might impact Project decisions. The existing scientific literature on LF sampling is reviewed and the new LF data from three UMTRA Project sites are evaluated seeking answers to the questions posed above. Several possible approaches that the UMTRA Project may take to address issues unanswered by the literature are presented and compared, and a recommendation is offered for the future direction of the LF conversion effort.
POTENTIAL IMPACTS OF LOW FLOW CONVERSION ON THE UMTRA PROJECT
The potential impacts of conversion from MBV to LF sampling method on UMTRA Project data are illustrated in terms of five possible outcomes. These are presented as generic type curves in Figure 2. 1. The results shown in Figure 2 .1 A would have no impact on the UMTRA Project. Results in 2.1 B and 2.1 C could have an impact on the Project. However, data could be interpreted correctly if Project technical staff were aware of the reasons for the shift (e.g., a change in sampling method rather than a change in ground water quality). Results in 2.1 D could have an adverse impact on the Project, making data interpretation and policy decisions based on the data more difficult. Results in 2.1 E would make these interpretations and decisions easier due to less variability in the data. It is also possible that a combination of a shift and a change in data variability could occur simultaneously.
The UMTRA Project conducts both inter-well and intra-well comparisons of ground water quality data. Inter-well comparisons evaluate differences between wells during the same time period (e.g., background compared to on-site), whereas intra-well comparisons evaluate differences in the same well during different time periods (e.g., before compared to after remediation). the uranium levels in the private wells might exceed background and be mistakenly attributed to plume migration. If this scenario occurs, the DOE might be required to demonstrate that the apparent elevation of uranium concentrations in private wells over background monitor wells is an artifact of differences in the method of obtaining water samples from the t w o types of wells.
Evaluation of time trends in concentration levels is an example of an intra-well comparison that could potentially be affected by a change in water quality sampling results associated with conversion from M B V to LF sampling. Trends in water quality measurements over time will be used on the UMTRA Project to defend and gauge the ground water remediation strategy at processing sites. If, for example, wells at the Riverton, Wyoming, site were converted to the LF sampling technique, a possible shift in contaminant concentration could affect model estimates of the time required for natural flushing to remediate site ground water. In Figure 2 (Kearl et ai., 1993) . (Kearl et at., 1994) .
Field Comparison of Micropurging vs. Traditional Ground Water Sampling
"Suggested Modifications to Ground Water Sampling Procedures Based on
Observations From the Colloidal Borescope" (Kearl et at., 1992) .
Waste Minimization and Groundwater Sampling Efficiency: A New Technique for Purging Groundwater Monitoring Wells at the Fernald Environmental Management
Project (Shanklin, 1993) . Murley and Whitehouse, 1995) . "You Can't Always Get What You Want But You Can Get What You Need" (EPA, 1 9 9 3~) .
ACL Monitoring Using a Low-flow Sampling Technique, A Case Study
THE KEARL PAPERS
In a paper written in 1993 (Kearl et at., 1993) and in a nearly identical paper written in 1994 (Kearl et at., 19941, Kearl and Korte compared ground water samples using the MBV methods and the LF method. The 1993 version of the paper is more detailed and discusses a Kansas City, Missouri, site, while the 1994 version appears to target a more general readership and discusses the same Kansas City site and a site in Kentucky. 3-1
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ScoDe of the Kearl studies Kansas Citv site
At the Kansas City site, three wells contaminated with chlorinated solvents were sampled by the LF method, then sampled by the MBV method. This procedure was repeated at one-week intervals until four sampling events had been completed. Several months later, the same procedure was repeated, resulting in a total of eight concurrent pairs of water samples for each well. The water samples were analyzed for nine inorganic constituents (aluminum, arsenic, barium, calcium, iron, magnesium, manganese, sodium, and zinc) and two organics (1,2-dichoroethene and vinyl chloride).
Comparison of the unfiltered water sample data from the two sampling methods indicates that for most analytes, the median difference in analytical results is near zero, suggesting that there is no systematic difference in the values measured by the two methods. However, this conclusion is dependent on the statistical method used to evaluate the data.
In the 1993 paper, the authors compared the eight concurrent pairs of analytical results for each well and constituent using a paired t-test. Of the 27 statistical tests for inorganics (9 constituents times 3 wells), 12 test results showed statistically significant differences between the sampling methods: barium and iron in all 3 wells; magnesium in 2 of the 3 wells; and aluminum, calcium, manganese, and zinc in 1 well each. None of the statistical tests for organics were significant at the 0.05 level of significance. The authors reviewed the cases of significant results and determined that the observed differences were generally small from a practical standpoint. They also emphasized that the hydrogeologic conditions at the site, the low hydraulic conductivity, the clayey aquifer, and a reducing subsurface environment may have affected sampling results for redox-sensitive analytes.
In the 1994 paper, the authors reevaluated the data using the nonparametric sign test. With this method, only 5 of the 27 inorganic results were significant at the 0.05 level of significance. All five significant results occurred in the same well, and in each case the LF results were higher than the MBV results. An isolated significant difference for vinyl chloride also occurred. The authors concluded that their results "justify more extensive study in order to provide a substantial data set for conclusive statistical analysis." (Kearl et al., 1994) Paducah site
At the Paducah, Kentucky, site, three wells were sampled using the LF method once per day for three consecutive days to assess the repeatability of LF sampling.
Samples were analyzed for 17 inorganic and 3 organic constituents. Review of the analytical results shows only minor differences between LF sampling events. The limited data set does not allow a rigorous statistical analysis, and it is recognized
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that a "much larger data set is necessary to provide unequivocal statistical . significance." (Kearl et al., 1994 The study design of taking water samples on the same day using both sampling methods is optimal for detecting shifts in water quality (Figures 2.1 B and 2.1 C ) that are 'specifically attributable to sampling method. With this design, the eight sampling events at the Kansas City site might be expected to produce reasonably precise estimates of the average difference between the methods, provided the data from the different events are independent. However, the weekly sampling interval used in the study may have been too short to produce independent data, especially considering the low permeability of the aquifer system at the site. If the data from the weekly sampling events were in fact positively correlated, then the statistical significance reported in the papers may be overstated.
Another statistical issue limits interpretation of the Kearl results. The 1993 paired t-test comparison found several more cases of statistically significant results among the inorganics than were detected using the 1994 sign test. This may be explained by the fact that the t-test almost always has greater statistical power than the sign test. However, it cannot automatically be assumed that the 1993 t-test results are correct because the validity of the t-test relies on the assumption of normally distributed data. The reevaluation of the data in 1994 may have been prompted by the realization that this assumption was untenable. However, if this were the case, several better options were available to the authors than the sign test, which is very insensitive. It is not clear, therefore, whether the Kearl data yielded several statistically significant results or just a few.
Because the article did not provide explicit information on the concentration levels of the various constituents in the ground water at the test site, the reader cannot evaluate the magnitude of the observed differences between the LF and MBV results. Also, the article did not address the possibility of differences in data variability produced by the two sampling methods (Figures 2.1 D and 2.1 E).
The limitations could be resolved if the original data from the Kearl study could be obtained and reanalyzed by TAC statisticians and geochemists. However, it remains questionable whether the hydrologic or geochemical conditions at the Kansas City test site are comparable t o any of the UMTRA sites. The ground water at the test site existed under very reducing conditions. Ground water at the UMTRA sites exists under oxidizing or reducing conditions, depending on the site. Contamination at the test site was limited to organic compounds, so the concentration levels of inorganic constituents evaluated at the test site may not approximate the levels at UMTRA sites. The differences presented in the Kearl study were based on unfiltered water samples; some of these differences may be reduced by filtration, a practice generally employed at UMTRA Project sites. Lastly, the inorganics of particular concern for the UMTRA Project (nitrate, uranium, molybdenum, selenium, and vanadium) were not included in the Kearl studies.
Notwithstanding these limitations, the Kearl papers yield some interesting hypotheses of value to the UMTRA Project. The sample mean difference for each well and constituent in the study can be inferred from the upper and lower confidence intervals reported in the 1993 paper (Table 3 .1 1 (Kearl et al., 1993) .
Wells 2 and 3 are screened deep in the aquifer, whereas well 1 is screened a t the water table. Kearl defined this difference as MBV minus LF, so that a negative difference occurs if LF results were higher than MBV. Table 3 .1 shows that the sample mean zinc results were lower in LF than in MBV samples for all 3 wells. The authors attribute these results to reduced turbidity of LF water samples. If this generally is true, then LF samples typically would contain lower concentrations of most metals. However, the two deeper wells show significantly higher concentrations of iron in the LF samples than in the MBV samples. The authors hypothesize that oxygen introduced during the MBV purging may cause iron to precipitate. This phenomenon could offset or even reverse the effects of greater turbidity in MBV samples for redox-sensitive constituents such as iron and manganese, as well as for anions and cations that tend to adhere to iron or iron colloids. The net effect of these opposite tendencies may vary from well t o well, and possibly even from sample to sample drawn from the same well. However, the potential for this type of problematic variability is predictable to the extent that soluble iron is present in the ground water. The results shown in Table 3 .1 suggest the possibility that the differences in concentration levels measured in MBV and LF samples are great enough to alter risk calculations associated with potential exposures to the ground water by people, plants, and animals. In well 2, the average iron concentration in LF samples was almost 40 mg/L higher than in MBV samples. In the same well, the average manganese in LF samples was almost 8 mg/L higher than in MBV samples. Arsenic concentrations were higher in LF samples for well 3 by an average of 0.1 7 mg/L, although this last result did not reach statistical significance.
Paducah site
The Paducah study was designed to evaluate the repeatability of analytical measurements from samples collected by LF sampling. Samples were collected on three consecutive days from three wells. All samples were split and analyzed by t w o independent laboratories. Unfortunately, the authors combined the analytical results from the two laboratories and the three wells into a single daily average for reporting and analysis. The small variation among the three daily averages is not surprising, because averaging tends to smooth out the individual variations in water quality measurements. In addition, evaluation of the Paducah data is limited (Shanklin, 1993) . The paper was prepared for the Cincinnati office of the DOE under contract DE-AC05-860R2160.
ScoDe of the Fernald study
The stated purpose of the LF/MBV comparison at Fernald was to "demonstrate that waste generation can be minimized and ground water sampling efficiency and quality can be improved." The paper cites EPA guidance and recent scientific literature that recommend adopting the most efficient sampling method based on local hydrological conditions. This allows the site owner/operator to select a sampling method from among many options. For the Fernald site, LF sampling was an option that provided high quality data while minimizing the amount of contaminated purge water brought to the surface. The study was designed to show that there was no reduction in sample quality and that there were significant economic benefits from converting to the LF method.
The study consisted of sampling four wells, four times, by the following three methods: 1) LF sampling with a dedicated pump after a purge of two times the volume of the pump plus the volume of the standing water in the discharge line, 2) a one-bore volume (BV) purge followed by sampling, and 3) a three-bore volume (3BV) purge followed by sampling. The sampling events were conducted every 4 days over a 13-day period. The purge rate was 0.5 L per minute for the LF method and 2 to 3 L per minute for the traditional purge methods. The discharge rate was reduced t o between 0.1 and 0.2 L per minute for all sampling.
Field parameters of pH, temperature, specific conductivity, and dissolved oxygen were measured during each sampling event, but sampling was not contingent on parameter stabilization. The samples were analyzed for calcium, iron, magnesium, fluoride, total dissolved solids (TDS), and alkalinity in filtered samples; and calcium, iron, magnesium, phosphate, and uranium in unfiltered samples. 
Waste minimization and cost reduction
During a typical 3-month monitoring period at Fernald, 90 to 110 monitoring wells are sampled and over 7000 gallons of purge water are generated by traditional sampling methods. Prior to chemical analysis, the water must be assumed hazardous and must be carefully handled, stored, and treated pending appropriate disposal. These procedures are time-consuming and potentially dangerous to personnel.
A considerable cost reduction was expected at Fernald as a result of converting to the LF sampling method. As stated in the paper, using dedicated pumps in the wells eliminates the need for equipment rinsate samples since decontamination of portable sampling equipment is not needed. Further, additional money is saved by significantly reducing the storage and handling of large volumes of purge water. Finally, since LF sampling is faster than MBV sampling for most of the wells, the sampling efficiency is improved. The estimated annual cost reduction at Fernald as a result of the LF sampling conversion is $1 15,000. Based on a personal conversation between the UMTRA Project water sampling program manager and Dean Shanklin, author of the Fernald study, these savings have actually occurred (Shanklin, 1995) .
The laboratory data were evaluated to determine if the different sampling methods have statistically distinguishable effects on water quality measurements. Three different statistical methods were presented in the paper. A two-way analysis of variance (ANOVA) test was first performed for each constituent, with the two factors being sampling method and wells. This statistical method allows that the wells may differ in water quality and that the impact of the sampling method on water quality may differ from one well to another. However, the method assumes that there are no systematic differences between the four samplings and that the 
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temporal variability in concentrations follows a normal distribution with equal variability in all wells and for all sampling methods.
Provided the underlying assumptions are valid, the two-way ANOVA is the optimal test for evaluating differences between the sampling methods. If the assumptions are untrue, however, the method may produce invalid results or may have reduced power to detect these differences. For this reason, the authors conducted two additional types of analyses that rely on a weaker set of assumptions. A one-way ANOVA test and the nonparametric Kruskal-Wallis test were conducted separately for each well and constituent. These tests eliminate the required assumption of equal variability in data from the four wells, and the Kruskal-Wallis test also eliminates the need for the assumption of normality. These tests continue to rely on the assumption that there are no systematic differences in the data from the four sampling rounds and that the different sampling methods produce equal variability in data.
Only one case of a statistically significant difference in concentration levels associated with the sampling method was identified. That case was for alkalinity levels in well 2106, based on the one-way ANOVA test. For that well, alkalinity is in the range of 250 to 300 mg/L, and the LF sample data were approximately 6 percent lower than data from 3BV sampling. The authors believe this 1 case of significance out of 40 individual statistical tests may represent a false positive result.
Value and limitations of the Fernald studv results for the UMTRA Proiect
The Fernald study is extremely valuable to the Project because the raw data from the study were included in the report. Table 3 .3 summarizes the concentration levels measured in LF and 3BV samples and the percent difference between concentrations measured in pairs of LF and 3BV samples from the same sampling round. These data show that the Fernald study wells are relatively "clean" by UMTRA Project standards. The observable differences between the LF and 3BV data are small and, with the exception of iron, do not follow a consistent pattern for the wells.
Iron concentrations measured in unfiltered samples taken by LF are consistently higher than those taken using the 3BV sampling method. This same phenomenon was found in the Kearl study and was discussed earlier. It is notable that filtering the samples prior to chemical analysis reduces the observable differences between LF and 3BV iron levels at the same time that it reduces the measured iron levels.
The Fernald study provides the first known comparison of uranium concentrations from LF and 3BV samples. Unfortunately, three of the four wells contain essentially no uranium at all (concentrations generally less than 0.001 mg/L). Differences between the sampling methods at such low levels are not of particular concern to the UMTRA Project. The fourth well, 21 06, has uranium concentrations slightly
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The general conclusion of the Fernald study authors is that water quality will be unaffected and time and money will be saved by transition from 3BV to LF sampling. However, issues associated with iron are unresolved, and the Fernald study contains limited information on the effects of sampling method on other metals. Even though uranium was included in the Fernald study, one cannot conclude that the UMTRA Project will obtain comparable results from Project wells with 100 to 1000 times higher uranium concentrations than those in the Fernald study. 
J.
Whitehouse (1 995), covers the methods and findings of sampling by several traditional methods followed by full conversion to LF sampling in nine wells on a Canterbury, Connecticut, site. The conversion resulted in a decrease in results of concentration levels of several monitored parameters. These results, in turn, allowed those parameters to be dropped from the monitoring list.
ScoDe of the Canterburv study
The Canterbury site is located along the Quinebaug River and consists of a lagoon on a 1 00-acre (40-hectare) parcel. From 1950 to 1973, the site was used for disposal of approximately 50,000 drums of solvent waste, paint, textile dyes, acids, resins, and other miscellaneous industrial wastes. The primary ground water contaminants are the solvents methylethylketone, methylisobutyl ketone, tetrahydrofuran, toluene, and xylene. In 1984, the site was placed on the EPA's National Priorities List (NPL) and a record of decision was issued in 1988 that required post-closure compliance ground water monitoring.
The site geology includes Holocene alluvium (approximately 20 feet [ftl thick) overlying Pleistocene stratified glacial drift ( 25 to 45 ft thick) and glacial till deposits (0 to 40 ft thick). These sediments are underlain by highly fractured bedrock (gneiss). Monitoring wells on the site are completed in shallow, intermediate, and deep aquifer zones that correspond to the alluvium, drift and till, and bedrock.
Prior to 1992, conventional sampling techniques were used at the site, which consisted of bailing or pumping three well volumes and then collecting the sample. In 1992, the sampling protocol was changed to purging with either a submersible pump or a peristaltic pump until the turbidity stabilized and then sampling. In March 1993, all nine point-of-compliance (POC) wells were converted to LF sampling with dedicated bladder pumps positioned within the screened interval. The LF discharge
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rate was 0.1 to 0.2 L per minute. For all three techniques, all samples were collected without filtering.
The site's list of monitoring parameters was developed prior to LF conversion and was based on sampling events during which ground water was analyzed for the EPA Appendix IX constituents (40 CFR Part 264) [1993] ). This resulted in parameters such as chromium and vanadium being included on the parameter list when, in fact, these parameters are naturally occurring in the aquifer and are unrelated to the contaminant plume (Whitehouse, 1 995) .
It is stated in the paper that samples collected by another consulting group before 1992 were reportedly "silty" and in many cases contained noticeable quantities of sediment. The authors recognized the potential for suspended solids in those samples to contribute to the presence of some of the non-plume-related constituents and concluded that a sampling method should be implemented that minimized suspended solids in the samples. Therefore, in October 1992, two of the POC wells were sampled using peristaltic and submersible pumps and purged until the ground water turbidity stabilized. Analytical results from this sampling event showed a nearly 9 0 percent decrease in certain constituents, including chromium and vanadium. In March 1993, all nine POC wells were converted to LF sampling with dedicated bladder pumps. Analytical results reported for seven subsequent quarterly monitoring events showed consistently low constituent concentrations and low variability among the seven sampling rounds.
. Upon conversion to sampling methods that minimized turbidity (the turbidity stabilization sampling method and LF sampling with dedicated pumps), a number of chemical constituents initially placed on the monitoring parameter list under EPA Appendix IX were not detected over multiple sampling events. This significant reduction in analytical concentrations resulted in regulatory approval to remove dioxins, dibenzofurans, beta-hexachlorocyclohexane, cadmium, lead, and mercury from the ground water monitoring program, resulting in savings of hundreds of thousands of dollars (Whitehouse, 1995) .
Value and limitations of the Canterburv studv results for the UMTRA Proiect
The downward shift in constituent concentrations described above corresponds t o Figure 2 .1 C of this report. These results provide evidence that LF sampling may cause a downward shift in detectable contaminant concentrations when compared to traditional methods. The lower analytical variability is similar to that shown in Figure 2 .1 E. Such a downward shift in constituent concentrations could impact UMTRA decisions, especially those relating to POC contamination and MCLs.
The effects of the LF conversion are not expected to be so apparent on UMTRA sites, because the UMTRA sampling protocol requires filtering the samples. Filtering eliminates highly turbid samples that are the apparent cause of some of the elevated contaminant concentrations at the Canterbury site. Nevertheless, evidence is provided in the Canterbury paper that turbidity can affect analytical results. If the UMTRA Project eliminates the filtering protocol, the difference between traditional and LF sampling results could be much greater.
The Canterbury paper also documents additional evidence that the LF method is acceptable to regulatory agencies. According to the authors, a LF sampling conversion plan was submitted to the EPA for review and approval prior to the conversion. The plan was approved by EPA, and the site consultants implemented the method in all nine of the POC wells. It is stated in the paper that after a series of sampling rounds during which some parameters were not detected, these parameters were removed from the ground water monitoring program. Although not specifically stated in the paper, the EPA must have approved the removal of these parameters from the monitoring list. This indicates that the EPA recognizes the LF analytical results as valid representations of aquifer water even if the LF results are lower than those found by traditional sampling methods.
Perhaps the most significant aspect of the Canterbury paper is that it documents the first known case where conversion to LF sampling was used as a monitoring strategy with a specific expected outcome rather than simply as an economical sampling method. The LF method was selected because it would provide samples with lower turbidity, resulting in lower reported concentrations of nuisance background constituents. This outcome was achieved on the Canterbury site, and this case suggests that similar strategies could be implemented on other environmental sites. Such a strategy can be misused if LF sampling is implemented to cause artificially low parameter concentrations in ground water samples, or even if that appears to be the objective. However, as long as the LF method is recognized as providing samples that are actually more representative of ground water conditions compared to traditional methods, regulators, clients, and consultants should avail themselves of the LF method. Analytical results were compared from concurrent pairs of filtered and unfiltered samples collected from 52 wells by the LF method. Arsenic concentrations in ground water at the site ranged from approximately 0. 02 mg/L to 0. 5 mg/L. Iron concentrations were also quite variable, ranging from less than 0.1 mg/L to over 100 mg/L. Arsenic results showed no tendency for unfiltered samples to yield higher concentrations than filtered samples. The filtered and unfiltered iron results also correlated very well when concentrations were relatively high (above 1 mg/L).
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At lower concentrations, unfiltered results were generally higher than filtered results. These results suggest that constituent levels may be relatively unaffected by filtration of samples collected by the LF method. The study did not include an evaluation of effects of filtration of samples collected using a high flow purge for comparison to the LF results.
Concentrations of arsenic and iron were also compared in filtered samples collected with a high flow purge rate (>O. 5 L per minute) to unfiltered LF samples (0.2 to 0.3 L per minute). The comparison was restricted to one sampling round on three wells. In all cases, the filtered samples obtained with a high flow rate method yielded higher iron and arsenic concentrations than the unfiltered, LF rate samples.
The data suggest that the high flow rate sampling method may mobilize particles that can pass through a 0.45-micron filter into the water sample, resulting in elevated concentrations of metals. However, graphs presented in the paper indicate that the differences were generally less than 10 percent, and that the observed differences associated with sampling method were smaller than the observed differences in water quality measurements from one sampling round to the next.
In another study presented in the EPA workshop summary, You Can't Always Get What You Want But You Can Get What You Need, by Jack Connelly (EPA, 1993~1, employees of the state of Wisconsin compared analytical results from ground water samples collected by bailing and filtering versus LF sampling without filtering.
The study site was a Wisconsin landfill and the analysis suite included arsenic, cadmium, chromium, and lead.
The following concentrations were measured from one sampling round from a single background well at a foundry site (Table 3 .4). 
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The data in this table show that bailed unfiltered water samples contain significantly higher contaminant concentrations than either bailed filtered samples or LF unfiltered samples. According to the author, the higher metal concentrations found in the bailed samples are the result of higher turbidity in the sample, including colloidal material. The higher turbidity is an artifact of the plunging motion of the bailer pulling solid or colloidal aquifer material through the well screen. These data suggest that LF sampling, with or without filtering, produces samples with lower turbidity than bailing, resulting in lower metals concentrations regardless of the metal source.
Analytical results from one sampling round are also presented for chromium from two wells: the first with relatively low levels of chromium and the second with high levels. Table 3 .5 shows the data and collection methods. These data suggest that LF sampling produces lower analyte concentrations than either filtered or unfiltered bailing.
SUMMARY OF THE LITERATURE CONCLUSIONS
The 1993 Kearl paper compared traditional and LF sampling at a site in Kansas City, Missouri, using the paired t-test. The practical differences in analytical results from unfiltered samples were generally small. Hydrogeologic conditions such as well depth, low hydraulic conductivity, a clayey aquifer, and reducing subsurface conditions were identified as possibly having more impact on sampling results than the sampling technique.
In the 1994 Kearl paper, the same analytical data from Kansas City were evaluated using the nonparametric sign test. Only 5 of the 27 inorganic result differences were significant at the 0.05 level of significance but all 5 significant results occurred in the same well and, in each case, LF sampling results were higher than the MBV results. Analytical results were also discussed from repeated LF sampling at a site in Paducah, Kentucky. This comparison showed only minor differences between LF sampling events. The authors recommended additional study.
In the Kearl papers, turbidity is identified as a factor that may impact analytical results. Zinc concentrations were also pointed out as being lower with LF sampling than with MBV, possibly due to lower turbidity. However, two wells showed higher concentrations of iron in the LF samples than in the MBV samples. In one well, iron concentrations sampled by the LF method were nearly 40 mg/L higher than concentrations in the MBV samples.
In the Fernald study (Shanklin, 19931 , the author presents a comparison of LF and MBV sampling methods in four wells. Waste minimization and time savings were achieved by converting to the LF method in those four wells, resulting in an annual cost reduction of approximately $1 15,000.
Mean iron concentrations were consistently higher in the Fernald study in the unfiltered LF samples compared to unfiltered MBV samples. However, the increases are not significant from a human health risk standpoint because observed iron concentrations fall within the normal dietary range. Filtered LF and MBV iron concentrations were nearly identical. Uranium was a measured parameter in the Fernald study, but the concentrations in three of the four wells were so low in both LF and MBV samples that the results are of little use to UMTRA.
The Fernald study authors conclude that there will be little difference between the analytical results of the LF and MBV sampling methods. The study is of particular interest to UMTRA because it provides an example of a DOE site where LF sampling has saved time and money, with no negative impact on analytical results.
The Canterbury paper (Hurley and Whitehouse, 1995) documents conversion to LF sampling in nine POC wells on a Connecticut NPL site. Prior to the conversion, the wells were sampled by several traditional methods, including bailing, which resulted in turbid samples. €PA protocols required the samples to be unfiltered, and the consultants in charge of the sampling program determined that suspended solids and colloidal particles in the samples might be the cause of elevated contaminant concentrations.
Although LF sampling is discussed in detail in the paper, we interpret the study to show that reducing turbidity by any means, including LF sampling with dedicated pumps, may significantly reduce contaminant concentrations in unfiltered samples. By using LF sampling over approximately two years and demonstrating that some constituents were no longer detectable, the consultants succeeded in having a number of parameters removed from the monitoring list and consequently saved their client many thousands of dollars in analytical costs.
Furthermore, the Canterbury site study is the first known account of LF sampling being used as a strategy to eliminate analytical parameters from a regulatory (EPA) ground water monitoring list. This implies that the EPA acknowledges the validity of LF sampling results, even if those results are different from results gained from previous sampling techniques. This suggests that in the EPA's opinion, LF sampling produces samples that are more representative of actual ground water conditions than samples obtained using traditional methods.
The New Hampshire study (EPA, 1993b) consisted of two parts. The first part was conducted in 1991 and compared analytical results from filtered and unfiltered LF sampling. Results of the study indicated excellent correlation between the two methods for both arsenic and iron, although iron concentrations were near the analytical detection limits. The second part of the study, conducted in 1992, compared unfiltered LF sampling with filtered high flow rate (MBV) sampling. In all cases, the unfiltered LF sampling results yielded lower arsenic and iron results than the filtered high flow sampling. However, the differences were generally less than 10 percent, which was much less than the variation seen in concentrations in separate sampling events.
In the study prepared by Connelly (EPA, 1993c), filtered and unfiltered bailed samples were compared with unfiltered LF samples. In most cases the unfiltered LF results were lower than either the filtered or unfiltered bailed samples. The author attributes this difference to lower turbidity in the LF samples.
EVALUATION OF THE UMTRA PROJECT LOW FLOW SAMPLING DATA
The first round of chemical analysis data from filtered samples collected using the LF system were recently received from the laboratory. The suspected anomalies program may be useful in identifying sudden changes in water quality associated with the transition from MBV to LF sampling. However, program results will need to be interpreted with care, because there are a number of alternative explanations for unusual measurements among newly acquired data. They may arise from any combination of random and systematic errors introduced during the water collection, transit, laboratory analysis, and recording or data entry phases of the water sampling and analysis event or actual changes in the aquifer. Table 4 .1 presents the results of the suspected anomalies program for key UMTRA Project constituents analyzed for during the first round of LF sampling at the three UMTRA Project sites. Site wells that were sampled using the traditional 3BV, as well as those sampled using LF, are included in the evaluation. No obvious patterns among LF well results can be seen from the results. It should be noted that approximately the same percentage of the new LF data and new 3BV data were flagged as potential anomalies by the report and that both low and high anomalies occur for both sampling methods. There is little that can be concluded based on one round of data. The impact of LF sampling may vary between wells. In addition, the impacts of LF sampling may be small compared to the other sources of data variability. Only time and additional sampling will provide a more definitive answer. 
CONCLUSIONS
How likely is it that LF sampling could significantly impact the UMTRA Project water quality data base? The results of comparison studies and LF conversions in the literature suggest that concentrations of some constituents would drop, especially in unfiltered samples. In particular, concentration shifts might be expected in wells that had previously been sampled by aggressive traditional methods such as bailing. However, in spite of the recent LF literature, we cannot say for sure that conversion to LF on any of the UMTRA sites would result in the same trends seen in the literature.
The literature reviewed in this report and the limited UMTRA LF data collected to date provide at least some answers to the questions posed in Section-1 of this report.
How different are the water results between MBV and LF samples? The literature suggests that LF samples will have lower metal concentrations and that the differences will be small, probably less than 10 percent for most constituents, especially in filtered samples. The UMTRA Project collects both filtered and unfiltered samples; however, filtered samples predominate. Thus, we would expect few, if any, major constituent concentration shifts in wells converted to the LF method. Iron analyses may be less predictable because of sensitivity to the oxidationheduction state of the ground water.
Are the differences predictable? Generally, we can predict that the differences will be small for filtered samples, but larger for samples that have been collected by agressive, turbidity producing sampling methods such as bailing. Most of the UMTRA wells that have been converted to LF have not been bailed in the past, so we expect little difference in those wells. Likewise, the wells we expect to convert to LF in the future are those that have historically not been bailed, so we expect little difference in analytical results from those wells after the conversion to LF.
Are certain constituents affected more than others? The literature suggests that among the constituents of interest to UMTRA, only iron appeared to be more affected than other parameters. Other parameters of interest to UMTRA, such as uranium, were not addressed adequately in the literature. Does the hydrogeologic environment impact the magnitude of the differences between LF and MBV analytical results? According to findings in the current literature, geochemical factors such as oxidizing or reducing conditions in the aquifer may impact the analytical results more than or together with the sampling method. Also, the type of formation (fine or coarse grained), the aquifer recharge capacity, the type of well completion, and other factors may influence the quantity of particulates or colloids present in the well at the time of sampling, which can impact the analytical results.
Because we do not have complete answers to the questions presented above, the UMTRA Project has the opportunity to contribute valuable new information to the scientific community as it proceeds with its conversion from traditional to LF sampling. 
OPTIONS
The program may proceed in one of three ways.
ODtion 1
Under the regular sampling schedule, collect a few more rounds of data from the wells that have already been converted to the LF method before expansion of the LF program. There are positive features about this approach. If differences in water quality became apparent at the initial sites, the information could guide the Project in later expansion of the program. For example, it has already been learned at Green River that 4 of the 11 wells have inadequate recharge for LF sampling. This hydrogeologic limitation could be better recognized in the future and the dedicated pumps could be used elsewhere. However, this option has its drawbacks. Most of the wells at Green River are showing time trends tan increase or decrease in contaminant concentrations over a period of several sampling rounds) in water quality. These trends will make it more difficult to evaluate the new sampling method. Assuming at most semiannual sampling, conclusions and recommendations for LF sampling may not be available for several years.
ODtion 2
The second option is for the UMTRA Project to conduct a field comparison similar to that previously conducted by Kearl, but focusing on constituents of particular interest to the UMTRA Project. The TAC had at one time proposed that such a study be conducted at Shiprock, New Mexico. The field study would involve collecting water samples on the same day using both sampling methods: the LF method, followed by the traditional 3BV purge method. This could be done using several wells at the site and could be repeated at short intervals during a year. Shiprock has the advantage of being relatively close to Albuquerque, which minimizes transportation costs, and also has wells screened in two very different hydrogeological units, the terrace bedrock and the San Juan River alluvium. The study would provide preliminary information on the potential impacts of LF sampling on measured concentrations of key UMTRA Project contaminants in less than a year.
One advantage of this study over the Option 1 is that results should be valid even in the presence of time trends. The most positive feature of the field study, however, is that the concurrent sampling design may provide much greater precision for comparing the effects of the sampling method on water quality measurements. The reason this works is that much of the temporal variation is eliminated when both types of samples are taken on the same day. In other words, each type of sample will access essentially the same ground water, as opposed to sampling months or years apart, where ground water conditions may be markedly different due t o plume migration or other factors. In addition, the water samples Continue conversion of additional wells from the traditional methods to the LF method and monitor the results as they become available. Implement a site-specific comparison study as described in Option 2 if and when the need arises. For example, if a water quality shift occurs in LF wells, then a comparison study can be conducted in those wells. This option would defer the cost of the study until it was actually required and would focus the study on those constituents impacted by the change in sampling methods at that particular site.
RECOMMENDATIONS
Based on what we have learned from this literature review and analysis, there is no conclusive evidence that contaminant concentration sampling results would systematically increase or decrease in UMTRA wells as a result of the LF conversion. It appears that the presence of solids or colloidal particles may play an important role in finding elevated contaminant concentrations in ground water samples. Reducing the turbidity in the samples, by filtering, or preferably by a sampling method that minimizes turbidity, may result in lower contaminant concentrations.
The EPA (at the Canterbury site) and the DOE (at the Fernald site) have approved the LF method and acknowledged that lowering detectable contaminant concentrations by using the LF method is technically valid, because the samples are representative of actual ground water conditions. At Canterbury, LF was used as a monitoring strategy specifically to reduce or eliminate detection of certain constituents, resulting in the removal of some constituents from the monitoring program.
The literature reviewed in this paper suggests that conversion to LF sampling will cause no systematic, uniform, or predictable shift in analytical results. The shifts that are documented in the literature appear to be the result of factors such as lowering the turbidity in the sample, hydrogeology, oxidation-reduction state of the ground water, or other site-specific conditions. Of the six papers reviewed, none demonstrated any statistically significant analytical shift for filtered ground water samples. Based on the current literature, the impact of LF sampling overall appears to be minimal, with a few different results that are site-specific and unpredictable.
Furthermore, we believe that the results of a comparison study on a specific UMTRA site would not necessarily apply to any other UMTRA site, and a general comparison study on a single UMTRA site would have little benefit to the Project.
